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Abstract
The GaSb material system enables reaching the 2–3.5 μm wavelength range, which
is important for many applications. Optically-pumped semiconductor disk lasers are
attractive for producing high-power, high-brightness laser radiation with the wavelength
controlled by the selection of materials. Such lasers can be quite compact, offer good
beam quality, and produce ultra-short pulses by mode-locking with a semiconductor
saturable absorber mirror.
This thesis is concerned with the development of GaSb-based heterostructures for
novel laser sources (i.e. semiconductor disk lasers) operating at 2–2.5 μm wavelengths,
with both continuous wave and pulsed operation. In particular, the thesis includes new
results concerning the development of GaSb/(AlGaIn)(AsSb) semiconductor disk lasers
emitting high-power with broad wavelength tunability of about 50–150 nm. The broad
tunability has been achieved by employing quantum wells with different operation wave-
lengths with asymmetric positioning in the microcavity.
GaSb-based nonlinear saturable absorber mirrors were also studied and novel tech-
niques related to their fabrication are presented. A semiconductor saturable absorber
mirror was successfully used to mode-lock a high-power disk laser at 2 μm wavelength.
Naturally fast absorption recovery of the absorber mirror was discovered and several
techniques to control it were studied. Unlike for more conventional absorber materi-
als, low-temperature growth revealed no relation to absorption recovery time. Instead
the absorption recovery time could be changed by tailoring the strain and energy band
structure in quantum wells and by using an optical cavity design with surface proximity
quantum wells.
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Chapter 1
Introduction
After the ﬁrst laser was invented by T. H. Maiman in the 1960’s [1], the evolution of
lasers has been rapid [2,3], having a major effect on our everyday lives. However, while
already commercialized, the laser development is still ongoing. The existing applications
have uncharted potential and the development of new techniques and designs related to
lasers and nanotechnology enable the realization of new innovations. For new appli-
cations the development of lasers requires the right combination of wavelength, power,
efﬁciency, size, and spectral features.
The development of optoelectronic components at mid-infrared wavelength region
has recently attracted more attention due to many emerging applications. For example,
at the wavelength range of 2–5 μm there exist many fundamental absorption lines of
atmospheric pollutants and residual gases of industrial processes. The absorption can be
monitored by using spectroscopic techniques and light sources and detectors operating
at this wavelength range [4, 5]. Adding to the importance of environmental issues, the
2–3 μm wavelength range offers solutions also for many other ﬁelds such as medical
applications, light detection and ranging, and free space optical communication [4, 6].
The available semiconductor materials for lasers and detectors to cover the mid-
infrared wavelength range are quite limited. Table 1.1 presents the state-of-the-art re-
sults prior to this work for the 2–3 μm semiconductor lasers, revealing clearly that the
GaSb/(AlGaIn)(AsSb) material group is dominant. This is due to the narrow bandgap
that is common in these heterostructures but nearly inaccessible for other semiconductor
1
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material groups [7].
Besides the narrow band gap, the GaSb material system provides many other ad-
vantages for device developments, such as the use of lattice-matched distributed Bragg
reﬂectors (DBRs) comprising layers with a high refractive index contrast. Such DBRs
have an exceptionally broad stopband (∼300 nm [8]) and require a relatively small num-
ber of layer pairs to achieve high reﬂectance. The broad stopband makes GaSb-based
vertical-cavity lasers highly interesting for spectroscopic applications requiring a wide
tuning range.
Table 1.1: State of the art lasers for 2–3 μm by the year 2008. (Semiconductor disk laser (SDL),
Distributed feedback laser (DFB), Ridge waveguide laser (RWG) and Laser diode (LD))
λ (μm) Power / T Laser QW / Barrier / Waveguide Ref.
(W ) / (◦C) type
2 5 / −15 SDL GaInSb / AlGaAsSb [9]
2.33 0.6 / −18 SDL GaInAsSb / AlGaAsSb [10]
2.6 0.002 / 5 DFB GaInAsSb / AlGaAsSb [11]
2.8 0.008 / RT RWG GaInAsSb / GaSb / AlGaAsSb [12]
3 0.130 / RT LD GaInAsSb / AlGaInAsSb / AlGaAsSb [13]
Very compact electrically pumped edge emitting lasers, i.e. laser diodes (LD) have
been developed [14–16] and are available commercially. Yet, such lasers have mod-
est performance in terms of output-power and beam quality. Alternatively, an opti-
cally pumped semi-conductor disk laser (SDL) [17] provides a good quality, nearly
diffraction-limited beam and output powers much higher than a single-mode laser diode.
Compared to VCSELs, the well-established vertical cavity surface emitting lasers, the
SDLs are more advantageous in terms of fabrication complexity; there is no need for
doping associated with electrical injection and their processing is more straightforward.
Moreover, the external cavity conﬁguration enables the use of intra-cavity ﬁlters for
wavelength tuning [8, 18] and semiconductor saturable absorber mirrors (SESAMs) for
pulsed laser operation via mode-locking. Prior to this work, the operation of high-power
SDLs was achieved at low temperatures and the tuning range was not explored.
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In addition of continuous wave cw SDLs, GaSb-based material system enables the
development of SESAMs at mid-IR wavelengths and consequently pulse generation via
mode-locking or Q-switching. While still being an emerging technology, currently there
is not much information available on the properties and growth technology of GaSb-
based SESAMs. For the development of laser sources exploiting SESAMs, the control
of absorption recovery times is essential [19] and thus the study of GaSb-based SESAMs
is needed.
The ﬁrst aim of this thesis was to develop GaSb-based gain mirrors for SDLs. The
other important challenge pursued in the work concerned the fabrication of SESAMs
for mode-locking SDLs and a systematic study of their ultrafast non-linear response.
Collateral developments, not included in the thesis, have concerned development of 2
μm LDs [14], development of SESAMs for a Q-switched solid state laser [20], and use
of 2 μm SESAMs in mode-locked solid-state lasers [21, 22].
This thesis is structured to serve as an introduction to the development of mid-
infrared GaSb-based SDLs and SESAMs. A summary of the research reported in the
ﬁve original research papers, included as part of the dissertation, is presented. First, the
physics and technology related to GaSb-based heterostructures are explained in Chapter
2. In Chapter 3, the results on high-power and broadly tunable SDLs, part of [P1] and
[P3], are summarized. The techniques presented in [P4] and [P5] to control absorption
recovery time in GaSb-based SESAMs, are discussed in Chapter 4. Some examples
of ultrashort pulse generation ([P2] [23]) are shown in Chapter 5 and ﬁnally, the main
results are summarized in Conclusions.
3
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Chapter 2
Physics and technology of GaSb-based
optical devices operating at 2–3 μm
This chapter introduces the main characteristics of the (AlGaIn)(AsSb) material group
and the basic concepts concerning heterostructure fabrication by molecular beam epitaxy
(MBE). The design and theory of GaSb-based SDLs and SESAMs are also presented.
2.1 Near mid-IR materials
The III–V semiconductor material system (AlGaIn)(AsSb) establishes a ﬁrm platform
for optoelectronic devices operating near the mid-infrared spectral range (2–3 μm). Fig-
ure 2.1 represents energy gaps and lattice constants for several semiconductor material
groups with varying compositions. Some common ternary compounds are presented by
the lines connecting the binary compounds. With the right combination of material and
composition, both lattice constant and operating wavelength can be chosen to suit nearly
any application of choice. As it can be seen from the ﬁgure, for infrared wavelength
range, the (AlGaIn)(AsSb) material system is a good choice.
Nearly all materials in the scope of this thesis are lattice-matched to a GaSb substrate,
meaning that their compositions are selected to minimize the strain in the heterostructure.
GaxIn1−xAsySb1−y can be used as a direct bandgap gain material, either lattice-matched
or as an intentionally strained layer covering emission/absorption from 1.7 μm to over
5
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Figure 2.1: The dependence of the bandgap energy and lattice constant in III–V semiconductor
materials. Reprinted with permission from [7]. Copyright 2001, AIP Publishing LLC.
3 μm. It has always a direct band gap independent from the In-composition, which is es-
sential for optoelectronic devices. In terms of fabrication simplicity, binary and ternary
compounds are usually favored, but the use of quaternary compounds increases the de-
gree of freedom to control parameters such as energy gap and strain. Figure 2.2 presents
the energy band edge positions for GaxIn1−xAsySb1−y as a function of In-composition.
As shown in the ﬁgure, the band alignment of GaxIn1−xAsySb1−y/AlxGa1−xAsySb1−y
heterostructure varies with In-composition and the strain. Hence, compressive strain is
favoured especially at longer wavelengths, since it ensures better carrier conﬁnement for
all In-compositions.
As GaxIn1−xAsySb1−y is a typical gain material, the GaSb and AlxGa1−xAsySb1−y
materials are often used as the mirror, barrier and waveguide materials. AlxGa1−x-
AsySb1−y materials are suitable for the barrier and waveguide layers of III-Sb-based
semiconductor lasers because of their larger energy gap and smaller refractive index
which is beneﬁcial especially in mirror structures. One of the reasons for choosing
AlxGa1−xAsySb1−y is that the barrier and cladding layers are normally quite thick and
need to be grown lattice-matched to GaSb. In AlxGa1−xAsySb1−y the lattice-matching is
6
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achieved for (AlAs0.08Sb0.92)x(GaSb)1−x compositions.
Figure 2.2: Relative position of energy bands in GaxIn1−xAsySb1−y/GaSb for different lattice
strain and In-composition. Notations cb, hh, lh, and so stand for conductance, heavy hole, light
hole and spin split-off bands respectively. εZZ is lattice strain represented as a function of In-
fraction. Reprinted with permission from [24]. Copyright 2006, Springer.
Besides lattice mismatch, in the case of GaxIn1−xAsySb1−y and AlxGa1−xAsySb1−y
compounds, there is also a miscibility gap that needs to be considered. Miscibility gap is
a group of compositions that cannot achieve a permanent ordered structure. These com-
pounds are metastable depending on the growth temperature and material composition.
An example of miscibility gap for AlxGa1−xAsySb1−y is shown in Figure. 2.3. As it can
be seen, it has a strong growth temperature dependence and thus for AlxGa1−xAsySb1−y
it is essential to choose the growth temperature and composition in the right manner.
Miscibility will manifest itself mainly as generic greyness since there is no ordered crys-
7
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(a) (b)
Figure 2.3: The miscibility gap of quaternary AlxGa1−xAsySb1−y for two temperatures. Point
line indicates lattice-matching condition to GaSb, solid and point–dash line the boundaries of
miscibility. Reprinted with permission from [25]. Copyright 1992, Elsevier Limited.
talline structure. The greyness is visible to human eye under polarised light at ﬁxed
angles and also when viewed with an optical microscope. It can also be veriﬁed by
measurements such as high resolution x-ray diffraction (XRD).
2.2 Molecular beam epitaxy of GaSb
Many techniques can be used for semiconductor fabrication, the choice depending on the
desired structure complexity, layer thicknesses and required interface quality. Molecular
beam epitaxy (MBE) is a crystal growth technique in which a ﬂux of atoms or molecules
is directed to a heated single crystal substrate in ultra-high vacuum (UHV) (pressure
< 10−9 mbar). In UHV conditions, the atoms incorporate at the surface as a result
of physical mechanisms and chemical reactions and repeat the lattice structure of the
underlying single crystal substrate. The desired growth mode is Frank van der Merwe,
i.e. layer by layer –growth, when the layer thicknesses in heterostructures are deﬁned by
atomic layer precision [26]. With thin layers of few nanometers or even less, sharp and
precise interfaces are essential to maintain the desired pure layer structure. A detailed
review of MBE technology for different material systems has been recently published
8
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in [27].
The semiconductor structures presented in this work were grown using a conven-
tional solid source molecular beam epitaxy reactor (VG ten-port V80H). A schematic of
a MBE system is presented in Figure 2.4. Elemental In, Al and Ga together with As4
and Sb4 were used as group III and V sources respectively. The group V constituents
were cracked into As2 and Sb2 using high temperature cracking tubes. All structures
were grown on an n-GaSb (100) wafer.
Figure 2.4: MBE reactor schematic. Reprinted with permission from [28]. Copyright 2009,
Springer.
In MBE growth, the most important growth parameters that can be regulated during
the process, are the grown materials, substrate temperature, and the atomic ﬂuxes on the
substrate (and thus the growth rate). The temperature of the substrate determines the re-
actions at the surface via its role on Arrhenius activated reactions and mechanisms [26].
The optimal temperature depends on the grown material and for GaSb based materials,
the temperature varies from 480–500 ◦C for In-compounds, around 560 ◦C for GaSb,
and temperatures a bit over 600 ◦C for Al-compounds.
The growth rate in MBE is governed by the atomic ﬂux of group III species, and the
growth is performed in group V overpressure. Typically, the growth rates are in the order
9
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of one μm per hour. The beam equivalent pressure (BEP) ratios of V/III ﬂuxes measured
at the gauge depend on the grown material: for GaSb they are around 5–6, for Al-
compounds 20 or higher. During growth, the group V ﬂux is always present for temper-
atures over 300 ◦C. Also for both quaternary systems in this thesis (GaxIn1−xAsySb1−y
and AlxGa1−xAsySb1−y), the III-V material is always grown with a group V overpres-
sure, which is why for several group V constituents, the mutual composition has to be
calibrated to ﬁnd the correct combination of material source ﬂuxes and growth tempera-
ture.
2.3 Semiconductor disk lasers
The semiconductor disk lasers (SDLs), also known as vertical-cavity surface-emitting
lasers (VECSELs), are a new class of laser sources that have been developed rapidly
during the last decade [17, 29]. In an SDL, the cavity is formed vertically by a semicon-
ductor heterostructure including a semiconductor mirror, i.e. gain mirrors, and one or
more external mirrors.
Such lasers have emerged at the frontier between the simple directly-emitting semi-
conductor lasers and the more complicated solid-state lasers. The simplicity to engineer
the emission properties of semiconductors is thus combined with the functionality of
solid-state lasers enabled by the use of external cavity elements. Ultimately, this concept
renders possible emission in a broad wavelength range with high output power scal-
able up to 100 W [30], high beam quality, capability to ﬁll spectral gaps that cannot be
reached by traditional solid state disk lasers (i.e. current wavelength coverage is from
240 nm [31] to 5000 nm [32] but not without gaps), and broad wavelength tuning (i.e.
easily several tens of nm but could be as high as 150 nm for GaSb SDLs [P1]). The state
of the art results for SDLs are shown in Figure 2.5.
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Figure 2.5: Selection of SDL results showing the maximum average power reached at different
wavelengths. InGaAs(N)-based gain materials dominate the results up to 1.3 μm, above which
InP-based and GaSb-based QWs are used. Only SDLs incorporating single gain chips are in-
cluded. Pulse durations related to mode-locked results are given in picoseconds. [31,33–52][P2–
P3]
2.3.1 Design of the GaSb gain mirrors
An SDL gain mirror consists of a distributed bragg reﬂector mirror (DBR), an active
region and a window layer as shown in Figure 2.6. The window layer material has a
larger energy gap than the active region, thus preventing carrier migration to the surface
and losses caused by surface recombination as well as adding to the efﬁciency in active
region recombination. The active region can comprise, for example, bulk material [53],
quantum dots (QDs) [54] or quantum wells (QWs), latter of which are studied here.
The DBR is a high quality multilayer thin ﬁlm, which reﬂects radiation only at its
stopband wavelength region, which can be tailored to the desired wavelength by modi-
fying the layer thicknesses. A DBR stack consists of layers of two materials with high
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Figure 2.6: Schematic of an example SDL mirror design. The number of DBR layers and QWs
may vary.
nhigh and low nlow refractive indices and precise layer thicknesses. The optical thickness
of each layer is a quarter of the desired operating wavelength and the operation is based
on the constructive interference of Fresnel reﬂected waves from the layer interfaces [55].
When reﬂecting from the lower refractive index material, the wave exhibits a phase shift
of 180 degrees while the reﬂection for high refractive index material does not cause a
phase shift [55]. The overall interference from all the interfaces will result in a total
reﬂectance R:
R =
[
1− (nlow/nhigh)2N
1+(nlow/nhigh)2N
]2
(2.1)
where N is the total number of layer pairs. The width of the stopband, i.e. spectral region
of high-reﬂectivity, can be obtained from
ΔλSB =
2λSBΔn
πneff
(2.2)
where λSB is the center of the stopband, Δn the refractive index difference of the layers
and neff the effective refractive index deﬁned by
neff = 2
[
1
nlow
+
1
nhigh
]−1
(2.3)
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From these equations it can be seen that the reﬂection is higher for a high refractive
index difference or an increased number of layers. In practice the number of layers is
minimized due to technological constrains (e.g. to minimize the growth time and ensure
stable molecular ﬂuxes during epitaxy). Another reason to limit the number of DBR
pairs in SDL applications is the thermal management of the laser; a thicker DBR is less
heat conducting and will cause heating of the component. However, this is mainly a
limitation for ﬂip-chip approach where the substrate is removed and the heat is extracted
via the DBR and not from the top of the device [17, 29].
Ultimately, the DBR’s reﬂectivity depends on the material choice, as can be seen
from Table 2.1. Compared to DBR mirrors fabricated for other wavelength regions,
the GaSb-based mirrors can achieve very broad stopband and high reﬂectance with the
lowest number of mirror pairs. As mentioned before, the mirrors can be grown entirely
lattice-matched to a GaSb substrate.
When considering a bulk material as active region, it would have a thickness of
several hundred nanometers and its density of states would be a continuous parabola
in k-space. By reducing the thickness to less than 20 nanometers, energy levels will
quantize in the direction of thickness, density of states is reduced to a step-function and
the structure forms a quantum well (QW) [60]. Since the quantization is limited to only
one dimension, the energy levels can be calculated by simplifying to the particle in a
box model [60]. For an electron in a two dimensional well, the Schrödinger equation’s
Table 2.1: DBR characteristics for mostly used semiconductor materials [56–59].
DBR Substr. nhigh/nlow Δn N λB R(λB) Δλ99%
materials (nm) (%) (nm)
GaAs/AlAs GaAs 3.49/2.99 0.50 60 1060 >99.9 99
GaSb/AlAsSb GaSb 3.89/3.22 0.67 36 2020 >99.8 203
InP/AlGaInAs InP 3.17/3.51 0.34 81 1550 >99.9 91
InP/InGaAsP InP 3.17/3.44 0.27 81 1550 >99.8 64
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solutions will be entirely discrete energy states instead of continuous states. This feature
makes semiconductor QW lasers interesting and easy to comprehend; the carriers are
conﬁned in the QW and recombination occurs efﬁciently in direct band gap materials
from the lowest states of the conduction band, to the highest states of the valence band.
The energy levels and their energy difference are temperature dependent, and thus they
are slightly affected by heating caused for example by optical pumping of the QW.
One thing that makes the GaSb material system interesting and somehow challeng-
ing from the QW design point of view is that both so called type I and type II band
alignments can be achieved. This concept is schematically present in Figure 2.7 and
also seen in Figure 2.2. In lasers the most favourable type of alignment is type I, since
in this case both electrons and holes are well conﬁned in the QW and recombination is
efﬁcient. Therefore, the selection of the barrier materials is crucial [24]. In a type II QW
the recombination is not direct as can be seen from the ﬁgure 2.7, however, for certain
applications and wavelengths the use of type II QWs can be beneﬁcial [61, 62].
For operation at 2 μm wavelength, quite standard materials such as GaSb, Gax-
In1−xSb1−y, and AlAsySb1−y compounds with known growth parameters can be utilized
by avoiding the miscibility gap and choosing nearly lattice-matched binary and ternary
compounds. To reach longer wavelengths, one would either need to broaden the QWs
or increase the In-fraction in the QWs to narrow the band gap, thus increasing the op-
eration wavelength. The width of the QWs is limited by the critical thickness, which
Figure 2.7: Type I and II (also referred as W) band alignment schematics.
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is the maximum thickness a layer can elastically accommodate for the strain caused by
lattice mismatch. Adding In to the QWs will increase the lattice mismatch and decrease
the critical thickness. Thus both techniques can lead to plastic relaxation in the layer,
causing defects and poor crystal quality.
Excess strain can be avoided by choosing quaternary GaxIn1−xAsySb1−y in such a
way that the QWs still remain compressively strained. In this case the QW conﬁne-
ment of the holes will slightly decrease unless the barrier material is also changed to an
AlxGa1−xAsySb1−y compound. The change of barrier material ensures a signiﬁcantly
better carrier conﬁnement and while moving to even longer wavelengths in order to re-
main clearly in type I band alignment, quaternary compounds for QWs and cavity are
a necessity (Figure 2.2). For GaxIn1−xAsySb1−y there are many possible choices of
compositions for certain bandgaps as indicated in Figure 2.8 by dashed lines, which cor-
respond to constant bandgap compositions labeled in the ﬁgure. However, the choice is
limited by the strain, miscibility and other growth-related issues. In GaxIn1−xAsySb1−y,
the miscibility gap is present only for lattice-matched and slightly tensile compounds
and in the case of QWs, compressive strain is preferred.
Figure 2.8: Schematic diagram of parameters of an GaxIn1−xAsySb1−y alloy. The alloy composi-
tion corresponding to the constant band gap is represented by the dashed lines. The dash-and-dot
lines correspond to the alloys lattice-matched to GaSb and also 2% compressively strained. The
miscibility gap is also shown. Reprinted with permission from [63]. Copyright 2010, Springer.
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Besides the choice of QWs and DBR properties, another feature that should be taken
into account when designing gain-mirrors for the SDLs, is the thickness of the layers
surrounding the QWs. The surrounding layers deﬁne the available pump volume and the
amount of electron-hole pairs supplied to the QWs. Moreover, due to Fresnel reﬂection
at the semiconductor-air interface, a FP microcavity is formed between the top surface
and the DBR. In general, to maximize the interaction between optical ﬁeld and the QWs,
the optical length of this FP microcavity is designed to be resonant at the emission wave-
length of the QWs. To satisfy this, the cavity length L is deﬁned as
L =
⎧⎪⎨
⎪⎩
m
λ
2
, for resonant operation,
(2m+1)
λ
4
, for antiresonant operation.
(2.4)
Here λ is the operating wavelength and m an integer. In a microcavity shown in Figure
2.9, to maximize the gain, the QWs or a group of QWs are placed at the antinodes
of the standing wave optical ﬁeld [64]. This will cause a resonant phenomenon that
will increase the effective light-matter interaction by recirculating the light inside the
microcavity. The design is commonly known as the resonant periodic gain (RPG) [65].
Figure 2.9: SDL microcavity schematic. Reprinted with permission from [64]. Copyright 2010,
John Wiley and Sons.
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The resonance wavelength of the cavity is also temperature dependent due to differ-
ent thermal expansion coefﬁcients and the thermal dependence of refractive index. Due
to the thermal load of optical pumping, the temperature of FP cavity is increased during
the operation decreasing SDL performance and output power. Eventually this will lead
to thermal roll-over, i.e. the gain spectrum is not matched with cavity resonance, since
the gain provided by QWs shifts faster with temperature than resonance. Usually this is
considered already in structure design by choosing QWs emission wavelength and cavity
resonance wavelength to be slightly shorter than the operation wavelength.
2.3.2 SDL processing
For SDL operation, a very important aspect is the thermal management of the chip.
Optical pumping of the gain material using a laser with higher photon energy than the
energy gap of the absorbing layer (i.e. the quantum defect) [66] will create phonons
into the material. Heating up the gain material changes the refractive indexes [66] and
can cause deterioration in the output power. Thermal roll-over may also occur as the
lasing threshold is increased exponentially [66]. In the worst case the operation at the
targeted wavelength is prevented or the gain chip might be destroyed because of the
thermal load. There are two commonly known ways for thermal management: extracting
heat through the DBR by etching off the substrate (ﬂip-chip) [17, 29] and attaching gain
mirror onto a heatsink, or the one used for the GaSb-based structures in this thesis,
intracavity heatspreader approach [67], which is shown in Figure 2.10.
For GaSb-based materials, the thermal resistivity of DBR materials is reported to be
an order of magnitude larger compared to GaAs or InP based materials, therefore re-
moving the generated heat directly from gain region by intracavity heat spreader is pre-
ferred for GaSb-SDLs [68]. In addition, the ﬂip-chip process requires a lattice-matched
etch stop layer enabling removal of the substrate by selective etching. The etch stop
layer should either not absorb at the operation wavelength or be easily removable. Even
though some studies about development of such layer have been reported [69–71], a
proper candidate which would meet all the requirements has not been found.
The intracavity heatspreader approach exploits a transparent conductor placed on
top of the gain chip. The material selection is very limited due to the fact that the heat-
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Figure 2.10: Intracavity heatspreader schematic
spreader is placed inside the laser cavity. Materials such as natural or artiﬁcial diamond,
sapphire or silicon carbide are used. The heatspreader surface must be very ﬂat, even,
and clean, since it is bonded to the semiconductor surface with capillary waterbonding.
The heatspreader and gain chip are bonded and attached into a watercooled heatsink with
In-foil. The greatest advantage of the intracavity heatspreader approach is the simpli-
ﬁed growth and processing compared to the ﬂip-chip method. However, the intracavity
approach is not entirely non-problematic. The heatspreader causes disturbance to the
output spectrum and makes mode-locking more difﬁcult to achieve since it is acting as a
FP-etalon.
2.4 Semiconductor saturable absorber mirrors
Semiconductor saturable absorber mirrors are nonlinear semiconductor mirrors, in which
the optical losses of the incoming light are reduced at high intensities, owing to bleaching
of absorption [19, 72]. Consequently, when used as a cavity mirror in a laser setup,
a SESAM triggers formation of high intensity pulses and leads to operation in mode-
locking or Q-switching regimes. A typical SESAM structure is rather similar to an SDL
gain mirror structure; it consists of a highly reﬂective bottom mirror, such as a DBR,
and an active region that incorporates QWs or QDs. The main difference compared to
18
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SDL gain mirror is that the active region of a SESAM operates as an absorber instead
of providing the gain. A FP-microcavity is also formed between the bottom reﬂector
and the semiconductor-air interface, and the microcavity effects can be used to tailor the
SESAM properties.
The main effect governing the operation of SESAMs is the interband absorption.
This requires that the band-gap of the semiconductor used in the absorbing region is
smaller than the energy of incoming photons. For high enough light intensities, the
valence band states are depleted and excited states are full, and the absorption is said to
be bleached or saturated. Ideally the absorption in the active region could be completely
bleached by the incoming light. However, this is not the case in reality due to other loss
mechanisms presents in semiconductors, such as scattering losses, that give rise to the
so called unbleachable/unsaturated absorption.
The nonlinear reﬂectivity response of SESAMs is characterized by a set of parame-
ters, depicted in Fig. 2.11. These are the nonsaturable losses α0, the modulation depth
ΔR, the saturation ﬂuence Fsat , and the recovery time of the saturable absorption τrec
(addressed separately in this section). As it can be seen in Figure 2.11, at low intensities
of light, the reﬂection from SESAM is lowest due to unbleached absorption. After a cer-
tain ﬂuence of incoming light the SESAM starts to saturate and ﬁnally reaches the value
of maximum reﬂectivity, when the saturable absorption is fully bleached. The intensity
dependence of the reﬂectivity can be expressed as
R(F) = Rs− [1− exp(−F/Fsat)] ΔRF/Fsat , (2.5)
where F is the incident signal ﬂuence and Rs the reﬂectance maximum at saturation. α0
includes the scattering losses in the DBR and other interfaces and is indeed linked to the
maximum reﬂectivity provided by the DBR.
The nonlinear reﬂectivity of SESAM can be tailored by the cavity design and mate-
rial composition of the absorber region or by adjusting the reﬂectivity of the top most
surface. The cavity can be designed to be resonant or antiresonant the same way as
a laser microcavity at the operating wavelength. In a resonant structure, the effective
interaction length of light in the absorber material is enhanced at the operation wave-
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Figure 2.11: Nonlinear reﬂectivity calculated from the Equation 2.5 with an example values
shown. Nonlinear parameters are shown.
length, which strongly enhances the modulation depth of the nonlinear reﬂectivity but at
the same time enhances the nonsaturable losses. Typical nonlinearities for antiresonant
SESAMs are between 0.3–3% [19] while resonant SESAMs can achieve nonlinearities
as high as 80% [20].
In a low single-pass gain laser, such as the SDL involving high-Q cavities, antireso-
nant SESAM design is favourable as the resonant design would provide too much initial
losses, preventing lasing. Anti-resonance is achieved normally by selecting the cavity
length according to Equation 2.4 by reducing or increasing the thickness of the cavity
layer on top of the QWs. This way the positioning of the QWs remains in the required
positions relative to the DBR, as shown in Figure 2.9. More details concerning the de-
sign of SESAMs for mode-locking of SDLs can be found in the review by Keller and
Tropper [45].
Besides the static response of the nonlinear reﬂectivity, another very important pa-
rameter governing the operation of SESAMs as mode-lockers is the recovery time of the
absorption τrec, i.e. the time required for the photo-excited carriers to recombine and re-
locate to the valance-band. Typically τrec consists of two components, fast and slow. The
slow component arises from radiative and non-radiative electron-hole recombination and
trapping of the carriers, while the fast component is due to carrier thermalization. For
passive mode-locking, τrec should attain a value in the range of picoseconds or hundreds
of femtoseconds (similar to the pulse duration of the mode-locked pulse train).
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Table 2.2: Techniques for SESAM absorption recovery time control
Method Materials where Features References
can be used
Low temperature GaAs, InP Simplicity [73–75]
growth Defects non-uniform
Ion irradiation GaAs, InP, GaSb Control of defect density [76, 77]
Dedicated equipment
Surface QW GaAs, GaSb Simplicity [78]
Limited amount of QWs
Metamorphic GaAs/InP Simplicity [79–81]
growth Defect control difﬁcult
Doping of active GaAs, InP, GaSb Simplicity [74, 75, 82]
region Material quality degradation
In the most common GaAs and InP based QW SESAMs, the naturally occurring ab-
sorption recovery time is typically in nanoseconds range, much longer than is required
for the production of ultra-short optical pulses. Therefore, special post-processing and
growth techniques, such as low-temperature growth [73–75], ion irradiation/implantation
[76, 77], or use of surface quantum wells [78], have been developed for controlling the
absorption recovery time of these SESAMs. However, most of these methods increase
the defect density and thus optical losses of the SESAM. They can also have constraints
in the design possibilities, as is the case of surface QWs, where only the top QW would
see the surface proximity effect. A summary of the typical methods to control τrec is
listed in Table 2.2.
The reason which makes GaSb-based SESAMs especially interesting is that in nar-
row band gap materials, such as GaSb and related materials, the Auger-recombination
process is known to be more dominant. In fact, in GaSb the Auger recombination coef-
ﬁcients are an order of magnitude larger than in GaAs and InP based materials [83, 84].
Strong Auger recombination provides a signiﬁcant increase of the fast non-radiative
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losses leading to carrier lifetimes that are several orders of magnitude smaller than those
of conventional GaAs and InP heterostructures. Another interesting feature of Auger
processes in GaxIn1−xAsySb1−y material is that the dominating process is the CHCC-
process, which includes exciton recombination and an excitation of a conduction band
electron [85]. This is the only Auger process that includes excitation of a conduction
band electron, and it is dominant because of the favorable energy band structure; the
spin split-off gap is bigger than the energy gap [85].
The fast dynamics of GaSb-SESAMs have been reported for the ﬁrst time in [P2]
and then studied thoroughly in [P4–P5], representing one of the main novelty aspects
of this work. Contrary to other material systems, our studies have also shown that low
temperature growth has very little inﬂuence on the absorption recovery time of GaSb-
based SESAMs.
2.5 Basic characterization of heterostructures developed
While in principle it is possible to grow any materials with moderate lattice mismatch as
a heterostructure, also growth-related issues and temperature gradients need to be con-
sidered. For example, in addition to growth layer quality, a too high growth temperature
can cause annealing, undesired diffusion, and broadening of the interfaces or even the de-
struction of the already grown layers in the sample. To avoid material quality problems,
careful optimization and characterization is essential in every fabrication step by using
non-destructive methods such as X-ray diffraction (XRD), photoluminescence (PL) and
reﬂectance measurement. These methods were used to characterize heterostructures pre-
sented in this thesis.
High resolution XRD measurement is a characterization method that gives informa-
tion about the lattice strain, layer composition and thickness and it is used to study the
ﬁne structure of single crystal materials. In material with organized lattice structure the
X-rays can only diffract to the directions deﬁned by Bragg’s law:
2d sinθB = mλ (2.6)
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where d is the distance between atomic layers, θB is the angle between the incoming
X-ray and surface normal, λ is the X-ray wavelength and m an integer.
The X-ray diffraction pattern i.e. the XRD rocking curve measured by ﬁxing the
angle between the detector and incoming beam, will give information of the layer thick-
nesses by variations of intensity and strain by variation of the diffraction angle [86].
Normally the substrate peak is clearly recognisable due to high intensity and narrow
peak. Broadening of the peak is typically caused by dislocation or other imperfections
in crystal lattice. Since the substrate and the overlaying strained structure diffract to dif-
ferent angles, their relative strain and interface quality can be evaluated. Fringes form-
ing between the peaks in rocking-curve are typical for samples with good interface, and
missing of this fringe pattern is the main evidence of defects in the interface [86]. The
intensity of the peaks relates to the scattering matter and the volume sampled, and the
oscillation period to the thickness of the layer [86]. With simulation programs the rock-
ing curve can be simulated and compared to the measured one, which gives information
about the material parameters.
PL-measurement is a non-destructive method to study the emission wavelength of
the sample and to estimate the crystalline quality based on the intensity of the emission
peak. The sample is illuminated with a laser, which has more energetic photons than the
assumed bandgap of the absorbing material. The laser will thus excite electrons from
valence band to the conduction band after which they will spontaneously recombine
with the holes. The photons emitted in this process are focused to a monochromator for
wavelength selection and the intensity is analyzed with a detector. The spontaneously
emitted photons will have a certain spectral distribution which can be also used as an
indication of the material quality.
Another useful way of analyzing the PL is its temperature dependence. At lower
temperatures more peaks are visible; at room temperature they exhibit peak broadening
due to exciton-phonon interaction. By measuring the temperature dependent PL, infor-
mation about the carrier escape dynamics can be obtained. At low temperatures carriers
are frozen in the QWs, but at higher temperatures they have enough energy to escape in
non radiative ways. By ﬁtting the 1/T temperature dependent PL intensity to an Arrhe-
nius dependence, one can derive the carrier escape activation energies for nonradiative
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channels. The temperature dependence of PL intensity as a function on 1/T is can be
written as
I(T ) =
I0
1+C1e−Eact1/kT +C2e−Eact2/kT
(2.7)
for two carrier escape channels. It has a double exponential decay characteristics, where
I is the PL intensity, I0 maximum intensity, Ci and Eacti the weight factor and the acti-
vation energy corresponding to channel i, k Boltzmann’s constant, and T temperature.
This model is used in [P4] and [P5] to determine carrier escape dynamics connection to
absorption recovery time in SESAMs.
The SESAMs were also characterized by using reﬂectance and pump probe mea-
surements. For the reﬂectance characterization the samples are illuminated with a broad
spectrum lamp and the reﬂected light is directed to a monochromator which selects one
wavelength at a time to be measured by a detector. For the absolute value of reﬂectance a
nearly perfect high reﬂectance reﬂector such as Au or Ag mirror can be used. The impor-
tant characteristics obtained from the reﬂectance spectrum are the reﬂectance band width
and its center wavelength, and also the placement and depth of a possible resonance dip.
The pump probe measurement is used to study ultra-fast phenomena, and concerning
this thesis, the absorption recovery time. In this method, the sample is excited with an
ultra-fast laser producing a pulse train, which is divided into two beams: the sample is
excited by one pulse train (pump) and the changes it induces in the sample are probed
by the second pulse train (probe), which is suitably delayed with respect to the pump.
The time dependent behaviour of reﬂectance related to the probe is then monitored to
investigate the changes produced by the pump in the sample. This gives information
about the relaxation time and the manner of relaxation of the excited states in the sample.
The absorption recovery times of the SESAMs in [P2, P4–P5] were determined with a
pump-probe system available at Max Born Institut, Berlin, Germany.
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High-power and broadly-tunable lasers
emitting at 2.0–2.5 μm
This chapter summarizes the development of GaSb-based SDLs emitting at 2–2.5 μm
wavelength region in cw mode. First the design of the gain mirrors are discussed and
then the use of the gain mirror in SDL is demonstrated. The section corresponds to
results presented in [P1] and [P3] but includes also some unpublished data.
3.1 Gain mirrors for high power operation
The gain mirrors were grown by MBE on n-doped (100)-oriented GaSb substrates. First
a GaSb buffer layer was grown to smooth the surface. The buffer was followed by
a lattice-matched AlAs0.08Sb0.92/GaSb DBR with either 18.5 or 21.5 layer pairs. The
QWs’ composition and detailed structures for different wavelengths are given in Table
3.1.
The 2 μm SDL’s active region consists of ﬁve groups of In0.2Ga0.8Sb QWs em-
bedded in GaSb, each group containing three QWs with a width of 8 nm. For the
2.35 μm SDL the structure consists of three groups of three 10 nm quantum wells of
In0.35Ga0.65AsxSby embedded in Al0.3Ga0.7AsxSby barrier cavity. The third gain mir-
ror designed for 2.5 μm has a bit more complex structure consisting of ﬁve groups of
three 9.5 nm In0.35Ga0.65As0.09Sb0.91 quantum-wells (QWs) surrounded by 20 nm thick
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Table 3.1: Laser structures, λOP is the target operation wavelength.
SDL λOP In% As% N:o QWs QW thickness Barrier Waveguide
T1204 2 20 0 5x3 8 GaSb GaSb
T1542 2.35 47 18 3x3 10 Al0.3 Al0.3
T1615 2.5 35 9 5x3 9.5 Al0.35 Al0.5
Al0.35Ga0.65As0.035Sb0.965 barriers to increase the pump volume. These were embedded
in Al0.5Ga0.5As0.04Sb0.96 waveguide for better conﬁnement. For each gain mirror the ac-
tive region was closed with a window layer of AlxGa1−xAsySb1−y with high aluminium
content to ensure sufﬁcient carrier conﬁnement, followed by a thin GaSb cap layer to
prevent oxidation of the aluminium-containing layer.
The structures of the gain mirrors for 2 and 2.5 μm are shown in Figure 3.1 and for
2.35 μm in Figure 3.2. All the micro-cavities were designed to be resonant with layer
thicknesses selected to form a nλ microcavity between the DBR and the semiconductor-
Figure 3.1: The structures of the 2 and 2.5 μm gain mirrors.
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Figure 3.2: The structure of the 2.35 μm gain mirror.
air boundary. The QW groups were located at the antinodes of the standing-wave optical
ﬁeld in the microcavity. The refractive indexes for optical cavity design were evaluated
based on the values and calculations obtained from literature [87, 88].
Before the ﬁnal gain mirror was fabricated, several calibration structures were grown.
This included AlxGa1−xAsySb1−y-bulk-samples in order to determine the lattice-matching
condition of growth parameters and the growth parameters for desired group V compo-
sition. These samples had a GaSb-buffer layer of 50–100 nm, a 300–500 nm layer of
AlxGa1−xAsySb1−y with the desired Al% and a GaSb-cap layer to prevent oxidation.
The composition was analysed by XRD and an example of a clearly visible and good
quality AlAsSb-peak is shown in Figure 3.3 together with the simulated XRD rocking
curve for the speciﬁc composition and thickness.
PL calibration samples, incorporating QWs similar to the actual SDL design, were
used to set the operation wavelength and optimize the material quality of the QWs by
optical microscope, PL-measurement and XRD. Examples of the optimization of PL
intensity are shown in Figure 3.4. The measured PL intensities from the optimized PL-
samples grown prior the gain mirror structures are shown in Figures 3.5(a) and 3.5(b)
for 2 and 2.5 μm SDLs. Also the reﬂectance measured from the actual gain mirrors are
included, together with the simulated reﬂectance for the design. Reﬂectance measure-
ment systems used were not optimum, and caused some artefact to the spectra. This can
be seen for example as a drop of intensity at wavelengths longer than 2.05 μm in Figure
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Figure 3.3: Measured and simulated XRD rocking curves of nearly GaSb lattice-matched good
quality AlAsSb
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Figure 3.4: PL intensities of PL samples in which the intensity has been improved by a) nar-
rowing QW width and lowering the QW growth temperature and b) by improving the material
quality of the layers surrounding the QW with As composition adjustment and growth tempera-
ture optimization.
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Figure 3.5: PL intensities measured from PL-sample corresponding to 2 and 2.5 μm SDL gain
mirrors, reﬂectance measured from the actual gain mirrors and reﬂectance simulated for the
designs.
3.5(a) caused by rudimentary measurement system set up on an optical table. The rea-
son for the artefact remains unresolved since the purchase of a new measurement system
made it no longer necessary. However as it can be seen from Figure 3.5(b); also the new
system has its limitations due to a drastic decrease of signal level at wavelengths longer
than 2.7 μm.
3.1.1 Laser cavity
After the growth the gain mirror chips with a size of 2.5×2.5 mm2 were capillary bonded
with water to a diamond heat spreader (see section 2.3.2 concerning details on thermal
management). The bonded chips were mounted to a water cooled copper heat sink that
was integrated in the laser cavity. The outer surface of the diamond can also be anti-
reﬂection coated to reduce the signal and pump reﬂection if desired.
SDLs were characterized using a V-shaped cavity conﬁguration shown in Figure 3.6.
The cavity incorporated also a highly reﬂecting spherical mirror and a partially reﬂecting
output coupler (OC) mirror. The pump laser was focused to a small spot on the sample at
an angle, the exact values depending on the speciﬁc measurement. Additional features of
the SDLs developed are shown in Table 3.2. To study tunability a birefringent ﬁlter (BF)
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Figure 3.6: Laser setup
Table 3.2: Processing and measurement details
λOP Diamond Diamond OC Pump Spot size (μm)/
(μm) type thickness (μm) (%) source angle (◦)
2 IIa 300 98–99 980 nm 290/22
2.35 IIIa 300 97–99 808 nm 180 /37
2.5 IIa 300 99 980 nm 180/30
was added to the measurement setup, shown in Figure 3.6 with dashed line. A BF-ﬁlter is
an optical ﬁlter that is used to adjust the dominant resonant wavelength by changing the
wavelength which has minimum transmission losses. The operation wavelength can be
adjusted by rotating or by changing the angle. The ﬁlter causes also losses in the cavity,
decreasing the laser operating power, even though it is placed on a Brewster angle to
minimise the reﬂection.
3.1.2 Output characteristics
For the SDL optimized for high power operation at 2 μm, the output power was mea-
sured in a temperature range of 10–50 ◦C and exhibited excellent temperature behaviour.
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The output power was over 4 W at 15 ◦C, and still 3.6 W at room temperature at a wave-
length of 1970 nm. Lasing was observed up to a temperature as high as 50 ◦C. The lasing
characteristics are shown in Figure 3.7. The pumping threshold increased exponentially
with temperature and was close to 2 W near room temperature. The emission wavelength
could be tuned by about 75 nm, from 1925 to 2002 nm. The typical output spectrum and
beam proﬁle are presented in Figure 3.7(b). The peaks in the spectrum correspond to the
FP-etalon effect induced by the intra-cavity diamond. The beam proﬁle is symmetric as
is expected for a surface emitting structure.
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Figure 3.7: a) The output power vs. pump power at different temperatures for 2 um SDL, incor-
porating a 2% transmissive output coupler. b) Beam proﬁle and a typical wavelength spectrum
of 2 μm SDL
The M2 value that is used generally to describe the quality of the beam requires a
special measurement system and is described by ISO-11146 standard. It states that M2
value is deﬁned by the ratio of beam parameter product and diffraction limited Gaussian
beam parameter product. Beam parametric outcome is the product of beam waist radius
and beam divergence. The smallest value theoretically possible is 1 and generally values
close to one are considered sign of excellent quality beam. M2 values larger than one
can limit focusing and effect to brightness.
In practice an M2 measurement is performed with pyrocamera for beam diameter
measurement in waist and several other points. The M2 value for this SDL was de-
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termined later at different measurement to be 1.94 horizontal and 2.04 vertical. The
obtained values are reasonable, but better results would have been possible with better
optimization of the cavity as was in the ﬁrst measurement. However, at that time the
measurement was not possible due to lack of instruments.
Our aim to reach longer wavelengths was realised ﬁrst with a 2.35 μm SDL. For
this wavelength we discovered a decrease in output power but still remaining in high-
power range with a maximum output power of nearly 1 W. The cavity was designed for
a 300 μm pump spot diameter, while the actual size was 180 μm. Thus the achievable
power may have been signiﬁcantly higher than the power obtained in these measure-
ments. Temperature behavior remained good as well as the beam quality, as can be seen
from Figure 3.8. One should also notice that the quantum defect is 65.6%, so improved
efﬁciency could be expected with 1550 nm pumping. The large quantum defect (i.e.
pump wavelength is much smaller than lasing wavelength) is likely to be one of the
main sources of the high thermal load to the gain element, and this combined with inef-
ﬁcient heat removal due to the GaSb material system’s poor thermal conductivity leads
to decreased output power. M2 measurement has not been performed for this laser.
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Figure 3.8: Output power vs. pump for 2.3 μm SDL, emission spectrum as an inset.
While aiming for even longer wavelengths, the SDL targeted at 2.5 μm was fabri-
cated and output power of ∼600 mW has been achieved at heatsink temperature of 5 ◦C,
as seen from Figure 3.9. M2 was measured to be below 1.6 for the highest output power
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of 0.6 W. Wavelength tuning of 75 nm was achieved and it has been reported in more
detail in [P3].
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Figure 3.9: Output power vs. pump for 2.5 μm SDL
3.2 Gain mirror for broad wavelength tunability
A standard SDL design has only limited wavelength tunability because of the constraint
imposed by the gain bandwidth ensured by a certain QW composition and homoge-
neous broadening in QW-based semiconductor lasers. Since GaSb-based DBRs have an
extremely broad stopband, laser operation in a broader wavelength range would be pos-
sible if the gain bandwidth was increased. To expand the wavelength tunability a special
design supporting multiple operation wavelengths was introduced [P1]. The structure of
the broadly tunable laser is similar to the 2 μm gain mirror, except for its active region.
It contains three groups of In0.2Ga0.8Sb QWs with thicknesses of 6.5 nm, 9.5 nm and
16 nm and having also GaSb barriers with different thicknesses (See Figure 3.10 for de-
tails on the active region design). A thin AlAs0.08Sb0.92 layer was grown between each
QW group to prevent carrier diffusion between the QW groups and to promote more
equalized carrier injection in QWs groups. Each type of QW was calibrated indepen-
dently with separate PL-samples. Before the growth of the actual SDL structure, a PL
33
Chapter 3. High-power and broadly-tunable lasers emitting at 2.0–2.5 μm
calibration sample containing the three different QWs was also grown; the correspond-
ing PL signal is displayed in Figure 3.11.
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Figure 3.10: The structure of broadly tunable gain mirror.
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Figure 3.11: PL-intensity measured from sample with three different QWs, peak emission from
each QW group is indicated.
For the SDL designed for broad tunability, an exceptionally broad tuning range was
measured. The output coupler used for the broadly tunable 2 μm SDL had a transmit-
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Figure 3.12: Selected tuning spectra with intensity normalized to emitted power, shown together
with simulated DBR-reﬂectance and measured reﬂectance. Each peak in the graph represents a
separate narrowband spectrum selected by the birefringent ﬁlter at a time.
tivity of about 1%. Owing to the modiﬁed gain region incorporating asymmetric QWs,
we achieved a tuning range of 156 nm (1924–2080 nm) at operation temperatures of
10–15 ◦C. The tuning characteristics are shown in Figure 3.12. Compared to the high
power SDL, the use of asymmetric quantum wells led to a 100% increase of the tuning
range. As shown in Figure 3.12 the broad DBR stop-band would support laser operation
far beyond 2080 nm. Therefore it is reasonable to assume that by further optimization
of the gain region the tuning range could be extended beyond 150 nm.
3.3 Summary
To summarize, when increasing the operation wavelength, a clear trend towards lower
output powers is obvious. While this is typically seen also for LDs [15] other differences
in designs may contribute to this trend. A systematic approach was not made to study
the limits of the wavelengths possible to achieve with GaSb cavity and GaInSb QWs.
Another useful study that has not been made would be to thoroughly investigate the
effect of growth parameters such as group V pressure or growth temperature on GaSb
growths. Such time consuming tests may be required to optimize the structure design
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Table 3.3: Summary on laser results
λ (μm) λOP (μm) Pout (W) Tunability (nm) Publication
2 1.97 5 75 [P1]
2 1.92–2.08 0.4 156 [P1]
2.35 2.36 1 – –
2.5 2.5 0.6 50 [P3]
and quality in order to improve the laser operation at longer wavelengths. A summary
of results we obtained is presented in Table 3.3.
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Techniques to control the absorption
recovery-time of GaSb-based SESAMs
This chapter describes the design and fabrication of GaSb-based SESAMs aimed for
mode-locking a GaSb-based SDL operating at around 2 μm. An important part of the
work was focused on investigating several techniques to control the absorption recovery
time in such SESAMs. Mode-locking experiment will be explained in more detail in
Chapter 5.
4.1 SESAM structure
Here we describe the generic structure of GaSb-based SESAMs. All SESAMs were
grown on an (100) n-GaSb substrate with 18.5 pairs of a lattice-matched AlAsySb1−y/-
GaSb DBR (as in SDL structures). The absorber region was designed to be anti-resonant
at the operating wavelength and it consists of GaxIn1−xAsySb1−y quantum wells embed-
ded in GaSb. While the total length of the optical cavity was selected to be anti-resonant,
the QW-group or single QW, depending on the sample, was placed at the antinode of the
optical ﬁeld respect to the DBR-cavity interface. SESAMs were grown with the growth
conditions (temperature, ﬂuxes) as described in section 2.2. if not otherwise stated. The
generic structure of SESAMs is presented in Figure 4.1(a) and the reﬂectance which is
identical to all the SESAMs is presented in Figure 4.1(b).
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Figure 4.1: a) Basic structure of SESAM and b) measured reﬂectance of SESAM, which is
identical to all the SESAMs presented.
4.2 Inﬂuence of low temperature growth on absorption
recovery time
One of the most common techniques to reduce the recovery time of SESAMs is the
introduction of lattice defects via low-temperature growth of the QWs. As this technique
can selectively limit the defects to the QWs in the structure, it has developed into a quasi-
standard for fabricating commercial GaAs SESAMs. Therefore, low-temperature growth
acts a natural starting point for a study of GaSb-based SESAMs.
A set of SESAMs was fabricated with GaSb-cavity including three 8.5 nm thick
Ga0.73In0.27Sb QWs with GaSb barriers grown at temperatures ranging from 350 to
Table 4.1: Information and results on SESAMs grown at different temperatures
SESAM TQW N:o of QW thick. In% λPL
(◦C) QWs (nm) nm
T1986 350 3 8.85 27.4 2061
T1984 450 3 8.96 26.9 2057
T2010 530 3 8.82 26.7 2049
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530 ◦C; highest being the same as used for gain mirrors. While other parameters be-
sides the QW growth temperature were ﬁxed, some variations were observed for the
room temperature (RT) PL wavelength (Table 4.1). This ﬁnding is explained by a vari-
ation of the In-composition and QW thickness occurring due to temperature dependent
sticking coefﬁcients. Simulations for high resolution X-ray diffraction rocking curves
(see Figure 4.2) indicate varying In-composition in QWs and results are shown in Table
4.1.
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Figure 4.2: XRD rocking curves for SESAMs grown with different QW temperatures indicating
small variations in QW-composition.
To investigate the absorption recovery dynamics and carrier escape via non-radiative
channels, we performed pump-probe measurements and recorded the temperature depen-
dent PL. The pump-probe absorption recovery traces for different growth temperatures
are plotted in Figure 4.3(a). Quite remarkably, these traces reveal only minor differences
between the fast components (between 0.25–0.27 ps) and slow components (between
5.5–6.8 ps). In fact, only the sample grown at 350 ◦C seems to exhibit a slight accelera-
tion of the interband recombination times.
The temperature dependent PL was recorded for a temperature range from 10 K to
300 K. The measured PL intensities for all SESAMs are shown in Figure 4.3(b). Sev-
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Figure 4.3: a) Pump probe traces for SESAMs with varying QW growth temperature. b) Tem-
perature dependent PL intensity of SESAMs. Inset: PL intensity for T2010 as a function of 1/T
is shown with an Arrhenius plot for one, two and three loss channels.
eral ﬁts of Equation 2.7 are shown as an inset in Figure 4.3(b) for T2010. Figure 4.3(b)
clearly shows that the decay is not explained only by one channel, but the ﬁts with two
or three channels are quite similar. The results are compiled in Table 4.2. The activation
energy Eact2 and the corresponding weight factor C2 are widely similar for all samples,
indicating that the PL intensity is mainly affected by carrier thermalization at room tem-
perature, as expected. However, the activation energy Eact1 and the corresponding con-
stantC1 for the low temperature grown samples (T1986 and T1984) differ radically from
the reference sample T2010 grown at 530 ◦C. The magnitude of the activation energy
Table 4.2: Information and results on SESAMs grown at different QW temperatures
SESAM TQW C1 Eact1 C2 Eact2
(◦C) (meV) (meV)
T1986 350 5.8 ×109 430 18 19
T1984 450 5.2 ×108 396 15 25
T2010 530 249 55 4 8
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Eact1 ∼400 meV appears to be related to deep levels found in GaSb [89, 90]. This ob-
servation corroborates that low-temperature growth also generates deep levels in GaSb
barrier material, as previously observed in other semiconductor materials. In contrast,
the sample T2010 grown in typical temperature does not show any clear indications for
such deep levels.
Thus the data suggests that low-temperature growth increases the number of growth
related defects also in GaSb based SESAMs, but the absorber dynamics are only margin-
ally affected by the growth related defects. This indicates that there is another dominant
recombination process in the GaSb-based SESAMs. A possible candidate for this pro-
cess is Auger recombination.
4.3 Effect of QW strain on absorption recovery time
To study the effect of material composition, we grew a set of three samples with dif-
ferent In and As composition in QWs, resulting in different strain, yet with otherwise
similar optical design. All the QWs and barrier layers were grown at 530 ◦C. The In
and As content were changed in a way to ensure the same operation wavelength and to
simultaneously decrease the structure strain. The QW strain was veriﬁed by performing
XRD measurement and by using peak-split software to deﬁne strain and lattice-mismatch
based on separation of the XRD peaks. XRD rocking curves measured of these SESAMs
are shown in Figure 4.4, QW parameters obtained are included.
The conductance band energy states for these three SESAMs are presented in Figure
4.5(b). In Figure 4.5(a) the conductance and valence bands are presented for the SESAM
T1816 with typical strain. As it can be seen, T1816 has two states at the valence band
with relatively low conﬁnement. Reducing strain and remaining at the same wavelength
results in even poorer carrier conﬁnement for holes; valence band becomes nearly a
ﬂat-band, thus reducing the probability of radiative recombination processes. This is
expected to cause an increase in the slow recovery time component τ2.
The pump-probe and temperature dependent PL measurements were also performed
for this sample set and the results are summarized in Table 4.3, where the calculated
energy level offsets EC and EV relative to GaSb band edges are also included.
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Figure 4.4: XRD rocking curves for SESAMs grown with different QW composition and strain.
QW compositions, thicknesses and strain obtained are shown.
As expected, samples T1825 and T18122 with the poor hole conﬁnement also exhibit
the longest slow time component τ2. The activation energies of the SESAMs T1822 and
T1825 correspond to the energy levels at conduction band EC and are associated to the
escape of the electrons. On the other hand, the activation energy Eact1 is signiﬁcantly
smaller than EC for T1816, but comparable to EV, which suggests that the carrier escape
mechanism in this type of SESAM is most likely thermal escape of the holes. The elec-
trons in sample T1816 are more likely to escape via excited conduction band (CHCC)
Auger process consisting of recombination of an electron and a heavy-hole as well as
a simultaneous electron excitement in the conduction band [85]. Additionally, the elec-
tron hole pair recombination is also more likely due to better conﬁnement of holes. This
process will also contribute to the fast absorption recovery. The CHCC Auger process
is known to dominate in this type of those narrow band gap materials that display an en-
ergy gap smaller or comparable to the spin split-off gap [85]. Based on the data shown
in Table 4.3, we can conclude that there is a notable correlation between the slow recov-
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ery time component and the composition in the quantum well. The slow recovery time
τ2 was observed to vary in the range 9–18 ps. To investigate only the effect of strain
on the recombination dynamics, another set of samples should be studied employing
AlxGa1−xAsySb1−y-barriers instead of GaSb. This would allow to maintain the carrier
conﬁnement similar in each sample.
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Figure 4.5: Energy band diagrams for a) SESAM with normal strain and no As in QW, displaying
both conductance band with one state and valence band with two states and b) for SESAMs with
varying composition and strain showing only conductance band since valence band offset is close
to 0 eV.
Table 4.3: Information and results on SESAMs with different QW strain
SESAM Strain τ1 τ2 C1 Eact1 C2 Eact2 EC EV
(%) (ps) (ps) (meV) (meV) (meV) (meV)
T1816 1.82 0.44 9.24 30 33 1 5 54.0 21.6
51.3
T1825 0.97 0.53 14.10 409 62 1 5 78.2 0.0
T1822 0.75 0.35 18.50 852 72 5 9 79.9 0.0
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4.4 Effect of surface proximity on absorption recovery
time
Yet another method for achieving fast absorption recovery time is the placement of the
QW in close proximity to the semiconductor surface, exploiting fast surface recombina-
tion effects [45]. The QW is typically separated from the surface by a cap layer of only
a few nanometers. For our studies we used four samples with nearly identical QW com-
position, but with different placement and number of QWs in the optical microcavity.
The ﬁrst sample had a single Ga0.73In0.27Sb QW separated from the surface with a
GaSb cap having a thickness of 5 nm (T2015). The second sample (T2013) included
two QWs near the surface; the cap thickness was 5 nm cap and the QWs were separated
by 10 nm GaSb barrier. The third sample (T2012) had two QWs with 10 nm barrier
placed 50 nm below the surface. Finally, the last sample (T2010) had design of typical
SESAM with QWs buried into the cavity, with three QWs placed 300 nm deep. Thicker
QWs were used near surface for a compensation of the PL shift due to band bending near
surface. The cavity schematics of the SESAMs are illustrated in Figure 4.6, indicating
the refractive index proﬁle and the optical ﬁeld in the cavity.
Additionally, a piece of each material was coated with a dielectric 2-layer AR coating
for further comparative studies. As dielectric coatings are often exploited for surface
passivation of semiconductor samples we need to point out that we mostly aimed at
increasing the overall absorption and to increase the mode-locking force in the laser
experiments. The AR-coating consisted of a 233 nm TiO2 layer with 62 nm of SiO2 on
top, both deposited by e-beam evaporation at a sample temperature of 90 ◦C. Detailed
structures and the characterization results of the near surface QWs are shown in Table
4.4.
The pump probe measurements were performed on as-grown and AR-coated SESAMs.
For the as-grown near-surface SESAM, the slow component of τrec appears slightly
smaller compared to typical cavities incorporating thick capping. This reduction is read-
ily explained by fast recombination via surface states. In SESAM T2013 employing
two QWs, the reduction of τ2 due to surface recombination is not as pronounced as for
T2015, since the second QW is already farther away from the surface.
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Figure 4.6: Optical cavity schematics for SESAMs with near surface QWs (T2013 and T2015),
for SESAM with QWs misplaced in optical ﬁeld (T2012) and a typical SESAM with thick cap-
ping (T2010). Cavities are placed in graph such that DBRs are in line with each other. The
refractive index of QWs is not on scale; it is intended to make the graph more informative, guide
the eye and make the QWs clearly visible.
Table 4.4: Information and results on SESAMs with different microcavity designs
SESAM QWs QW Cap λPL τ1 τ2 AR effect
(nm) In % (nm) (nm) (ps) (ps) on τ2
T2010 3x8.5 26.7 300 2049 0.31 8.67
AR 0.29 9.68 +12
T2012 2x8.5 27 50 2060 0.24 20.85
AR 0.29 20.89 0 %
T2013 2x8.5 27 5 2040 0.35 8.36
AR 0.27 4.12 -51 %
T2015 1x10 27 5 2000 0.50 5.24
AR 0.47 1.69 -68 %
A very intriguing observation is that the AR coating signiﬁcantly reduced the slow
recovery component for the surface quantum well samples while a similar effect was
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not observed for samples having QWs buried deeper in the structure. Out of the two
near-surface QW samples the effect of the AR is most pronounced in T2015, which had
the slow recovery component further reduced from 5.24 ps to 1.69 ps after coating. For
sample T2013 the effect of the dielectric coating is signiﬁcant, but as expected, due to the
deeper buried second QW the recovery time is longer than for the single quantum well
samples (τ2=4.12 ps with AR-coating). We attribute the decrease of the recovery time
to increased Auger recombination owing to enhancement of the interaction between the
optical ﬁeld and the surface QW; to recall, the Auger recombination is proportional to
the cube of the carrier density: IAuger ∼ n3 [91]. Another factor is the surface passivation
provided by the dielectric and the change in surface recombination sites, which has been
suspected in the case of GaAs-based SESAMs [92]. Besides the mode-locking of SDLs,
described in the next chapter and [P2], the ability of these SESAMs to mode-lock was
veriﬁed in a Tm:YAG laser [22].
4.5 Summary of novel studies concerning dynamics of
GaSb SESAMs
We have investigated the effect of growth temperature on the dynamics of GaSb-SESAMs.
Our studies provide evidence of deep levels in GaSb and yet show negligible effect of
growth temperature on τrec on absorption recovery time. The slow component of τrec
in GaSb-SESAM can be tailored to some limited extend by changing the material com-
position of QWs. This is due to modiﬁed hole conﬁnement. Yet further optimization
with different barrier material is proposed to investigate the effect of different strain to
GaSb-SESAM dynamics.
Near-surface placement of the QWs and the use of AR coatings offer rather unique
possibilities for tailoring τrec by adjusting the interaction of the optical ﬁeld with the ab-
sorbing region. Extremely low τrec (τ1 ∼0.5 ps and τ2 ∼1.7 ps) was found for AR-coated
samples incorporating one QW placed 5 nm from the surface. This particular SESAM
was also successfully used for mode-locking a Tm:YAG laser. [22] The techniques and
the observed effects are listed in Table 4.5.
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Table 4.5: Summary of techniques to control absorption recovery time in GaSb-based SESAMs
Method Range studied Effect on τrec Observations
TQW 530–350 ◦C negligible Deep levels in GaSb
Strain/band gap 1.9–0.8 % modest Effects slow component
Surface proximity 5–300 nm modest AR-coating enhances the effect
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Ultrashort pulse generation using
GaSb-based SESAMs
Typical laser output is composed of multiple longitudinal modes that oscillate with spac-
ing Δν = c/2L, where c is the speed of light in vacuum and L is the optical length of
the cavity. The average output intensity of cw laser tends to ﬂuctuate due to the random
phases of light of individual modes at certain time. In a mode-locked laser the phases of
modes are ﬁxed to be separated by a constant phase of φ . This will result a constructive
interference and thus a train of pulses. A more detailed theory of mode-locking can be
found in literature [60, 93].
SESAMs are widely used for mode-locking lasers, since their behaviour is passive,
self-starting and they enable production of high-quality pulse trains with high power and
ultrashort pulse length. More details of designing issues of SESAM utilized in mode-
locking can be found from [19, 45]. Here we present the mode locking experiment with
fast GaSb-based SESAM using a GaSb-based SDL and a Tm:Ho-YAG lasers.
5.1 Passively mode-locked GaSb-based SDL at 2 μm
The semiconductor gain mirror used for mode-locking experiment has been introduced
in Chapter 3, as high power gain mirror for 2 μm wavelength. The design and fabri-
cation of the SESAM was the same as for T1816 and T2010 presented in Chapter 4,
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although the SESAM itself was grown at different time. To verify the fast dynamics
of the SESAM, pump probe measurements were performed and they conﬁrmed fast ab-
sorption recovery similar to that we already presented in Chapter 4.
Figure 5.1: The z-type cavity used for mode-lock experiment.
Figure 5.1 shows the z-shaped SDL cavity employed, with the gain chip and the
SESAM serving as folding mirror and cavity end mirror, respectively. A ∼230 μm
diameter spot on the gain mirror was pumped optically with a ﬁber-coupled 980 nm
diode laser. The laser mode size was matched to the pumped area on the gain. The
simulated mode diameter on the SESAM was ∼25 μm.
The output of the laser was coupled into a single-mode optical ﬁber and further
analyzed by a 2.5 GHz photo diode, a spectrum analyzer, and an autocorrelator. The
output power characteristics were measured with a thermal power meter and exhibited
a hysteresis typical for many mode-locked lasers. Mode-locking was initiated at 8 W
of pump power. Once initiated, the pump power could be reduced to ∼6.8 W with
stable mode-locking. The radio frequency (RF) spectrum in Figure 5.2 reveals clean
mode-locking at the fundamental cavity repetition rate of 881.2 MHz with a pedestal-
like substructure at below −50 dBc at a 1 kHz resolution bandwidth. The absence of
pronounced frequency components indicates the practical absence of Q-switched mode-
locking. Lasing was observed near the 1950 nm wavelength. The pulse width of the
laser was measured using an interferometric autocorrelation method with 1.9 ps width
(FWHM). The procedure for extracting the intensity autocorrelation retrieves a pulse
duration of 1.1 ps, which is a factor of 1.8 above the bandwidth limit.
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Figure 5.2: RF-spectrum of the output pulse train with 881:2 MHz repetition frequency. Resolu-
tion bandwidth 1 kHz. Measured with a 2:5 GHz photodiode. Inset, wide-scan RF-spectrum
Modulations in the spectrum were observed to originate from the double-sided pol-
ished gain and SESAM wafers acting as etalons in the laser cavity. To prevent such
undesirable reﬂections, the secondary surfaces of the SESAM and gain mirror chips
were mechanically roughened to scatter any incident light. With the improved setup the
measured autocorrelation indicates a pulse width of 384 fs, which is within only 2% of
the bandwidth limit calculated from the spectrum [23]. To the best of our knowledge,
these are the shortest pulses ever obtained from a GaSb disk laser. Quite surprisingly,
they also show that dispersion management at these wavelengths appears to be much less
of a problem than previously reported in the near-infrared spectral region.
5.2 Passively mode-locked Tm,Ho:YAG laser at 2 μm
An intresting experiment to compare our GaSb-based SESAM (the same as used for
mode-locking a GaSb-based SDL) with a commercial GaInAs-based SESAM (Batop
Inc.) was done by K. Yang et al. [21] by passive mode-locking of Tm,Ho:YAG lasers
with the mentioned SESAMs.
51
Chapter 5. Ultrashort pulse generation using GaSb-based SESAMs
Figure 5.3: Autocorrelation signal and spectra from mode-locked Tm,Ho:YAG laser. Reprinted
with permission from [21], Copyright 2013, OSA.
When using a SESAM comprising three GaInSb/GaSb QWs, pulses as short as
21.3 ps were demonstrated. The pulses were two times shorter than for the case of
GaInAs SESAM and the results are shown in Figure 5.3. Compared to GaAs SESAMs,
the GaInSb-based QWs also exhibit sub-ps recovery time for as-grown and high quality
structures and they are nearly lattice-matched to the substrates for the 2 μm wavelength
range. This brings more ﬂexibility for designing the optical properties of the SESAM.
Further optimization of the GaSb-based SESAM and compensation of the intracavity
dispersions are expected to lead to the generation of even shorter pulses.
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This thesis concerned the design and characterization of GaSb-based materials and ver-
tical cavity heterostructures for high-power, broadly tunable and ultra-short pulse lasers.
The primary focus was on developing materials for the 2–2.5 μm wavelength range. The
main achievements of this thesis are as follows:
We demonstrated GaSb-based SDLs emitting high output power and exhibiting
a broad tuning range at 2–2.5 μm [P1, P3]. A SDL emitted a cw output power
of over 4 W at 1970 nm wavelength operating near room temperature. The
structure exhibited a tuning range of 75 nm, and by using a modiﬁed structure
with asymmetric QW design we achieved a spectral tuning of about 156 nm
[P1].
The ﬁrst passively mode-locked GaSb disk laser at 2 μm was demonstrated. A
three quantum well InGaSb SESAM was deployed in the laser that produced
pulses with a duration of about 1.1 ps [P2]. By improving the measurement
setup and sample preparation, 384 fs optical pulses at 1960 nm wavelength were
demonstrated [23]. To the best of our knowledge, these are the shortest pulses
ever obtained from a semiconductor lasers operating at wavelength longer than
1.8 μm.
The dependence of absorption recovery dynamics on growth temperature, QW
strain, and QW location in optical cavity in GaSb-based SESAMs was studied.
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A negligible effect of growth temperature on τrec was observed even though
our studies reveal the presence of deep levels for the case of low tempera-
ture growth on GaSb. A decreasing conﬁnement of the holes is considered
to cause the observed effect of strain and band alignment on absorption recov-
ery time. By placing QWs near surface and by employing AR coating τrec can
be reduced further; recovery times as fast as τ1 ∼0.5 ps and τ2 ∼1.7 ps are re-
ported. This particular SESAM was also successfully used for mode-locking a
Tm:YAG laser. [22] The study reporting absorption recovery dynamics in GaSb
SESAMs is the ﬁrst of its kind.
Additional results, not included in the thesis concerned the development of
GaSb SESAMs for Q-switching of ﬁber lasers [20] and use of GaSb SESAMs
for mode-locking the ﬁrst ceramic Tm:YAG solid-state laser [22].
There are indeed other aspects to this work that can be considered in the future.
Despite that the results are showing an excellent performance at 2–2.5 μm wavelength
range with high power and also ultra-short pulse operation at 2 μm, there are several
development steps that are required for applications. Concerning these SDLs, for exam-
ple decreasing quantum defect would likely improve the output power characteristics.
The greatest challenges for SDLs and SESAMs presented in this work are however the
need for external pump and the optical cavity interference caused by the intra-cavity
heatspreader diamond. There are at least two approaches that could provide solutions
for these.
First one is the development of the GaSb-based ﬂip-chip devices. This approach
could improve the functionality of the SDL and gain access to high volume production.
The absence of intra-cavity diamond would remove FP-etalon effects and be beneﬁcial
for ultra-short pulse production and wavelength tuning. The challenges arise from the
fact that processing for this material group is not yet very well developed. Some effective
etch stop layers for substrate removal have been published [69–71], but the full process
still needs more attention. On the other hand even with perfect processing for removing
the substrate, the thermal resistance of GaSb-based DBR may still become a problem
with the thermal management in ﬂip-chip approach.
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Another interesting technology lies in electrically pumped GaSb SDLs. These would
be very compact laser sources, since there is no need for external optical pumping. The
attainable output power levels are a challenge as well as the doping scheme of the mir-
rors. On the other hand high doping levels lower the electrical resistance, but at the same
time increase the absorption. First demonstration of electrically pumped GaSb SDL has
already been made [94], but the development has barely begun and many issues related
to thermal management and current spreading need to be addressed.
Considering GaSb-based SESAMs, we have barely scratched the surface. Some
techniques to tailor non-linear properties have been explored, but there is much room
for improvement. Since we have focused only on quite simple materials at 2 μm, one
has to ask, what lies beyond? Moving to longer wavelengths will provide challenges,
and the use of quaternary QW materials with ternary barriers will offer interesting new
material systems to study. One of the main goals in devices will be mode-locking of
GaSb SDL, operating at longer wavelengths, with GaSb SESAM, and in materials re-
search point of view, to continue the study of SESAM dynamics at 2 μm and longer
wavelengths.
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Abstract: 
We demonstrate GaSb-based vertical-external-cavity surface-emitting lasers (VECSELs) 
emitting multi-Watt output power and exhibiting a broad tuning range. A VECSEL gain 
structure comprising 15 In0.2Ga0.8Sb quantum wells grown on (100) n-doped GaSb 
substrate emitted continuous wave output power of over 4 W at 1970 nm wavelength 
operating near room temperature. Lasing was detected even at 50 °C. Optimized for high 
power operation, the structure exhibited a tuning range of 75 nm. Using a modified 
VECSEL gain structure, comprising three different kinds of quantum wells, we achieved 
a spectral tuning of about 156 nm. 
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 Keywords: A3. Molecular beam epitaxy, B1. Antimonides, B2. Semiconducting III-V 
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1. Introduction 
Single-mode lasers operating in the 2–3 µm wavelength range are attractive for 
various sensing and laser spectroscopy applications, and in particular for the detection of 
atmospheric pollutants [1]. High-power, edge-emitting diode lasers based on the 
(AlGaIn)(AsSb) material system can cover the 2.0–2.7 µm band, but they have a poor-
quality elliptical output beam [2].  
Optically-pumped vertical-external-cavity surface-emitting lasers (OP-
VECSELs), also known as optically-pumped semiconductor disk lasers (OP-SDLs), 
provide a good quality, nearly diffraction limited beam and output power much higher 
than a single-mode laser diode (LD). Moreover, the external cavity configuration enables 
the use of intra-cavity filters for wavelength tuning [3, 4]. When compared with LDs, OP-
VECSELs are more advantageous also in terms of fabrication complexity; there is no 
need for doping associated with electrical injection [5]. 
The GaSb material system enables the use of lattice matched distributed Bragg 
reflectors (DBRs) comprised of layers with a high refractive index contrast, namely 
AlAs0.08Sb0.92 and GaSb. Such DBRs have an exceptionally broad stopband (~300 nm 
[3]) and require a relatively small number of layer pairs to achieve high reflectance. The 
broad stopband makes GaSb-based vertical-cavity lasers highly interesting for 
 spectroscopic applications requiring a wide tuning range. In this study we demonstrate 
both high power VECSELs as well as VECSELs with a broad wavelength tuning range. 
 
2. Growth details and structural design 
The semiconductor structures were grown using a conventional solid source 
molecular beam epitaxy (MBE) reactor. Elemental indium, aluminum and gallium 
together with As4 and Sb4 were used as group-III and -V sources respectively. The group-
V constituents were cracked into As2 and Sb2 using high temperature cracking tubes. 
The laser gain mirror structures consist of a distributed Bragg reflector and a gain 
region with multiple quantum wells (QWs). First a GaSb buffer layer was grown on an n-
doped (100)-oriented GaSb substrate to smoothen the surface. The buffer was followed 
by 18.5 pairs of lattice matched AlAs0.08Sb0.92/GaSb layers forming the DBR and the QW 
active region. The active region for the high-power VECSEL (VECSEL-1) consists of 
five groups of In0.2Ga0.8Sb QWs, each group containing three quantum wells having a 
width of 8 nm. The QWs were embedded in GaSb and the structure was closed with a 
lattice matched AlAs0.08Sb0.92 window layer to ensure good carrier confinement. The 
window was followed by a thin GaSb cap layer to prevent oxidation. The QW groups 
were located at the antinodes of the standing wave optical field in the 3-λ micro-cavity 
formed by the DBR and the semiconductor-air interface. The VECSEL structure is shown 
in Fig. 1a. The room-temperature photoluminescence (PL) and reflectivity curves for 
VECSEL-1 are shown in Fig. 2. 
The broadly tunable structure (VECSEL-2) is similar to VECSEL-1, except for its 
active region. It contains three groups of non-identical In0.2Ga0.8Sb QWs: 3 × 6.5 nm, 3 × 
 9.5 nm and 2 × 16 nm with GaSb barriers of different thickness. A thin AlAs0.08Sb0.92 
layer was grown between each QW group to prevent carrier diffusion between different 
QW groups and to promote more equalized pumping of different QWs. The thicknesses 
of pump absorbing GaSb layers between the QW groups were calculated in such a way 
that each QW group would be placed at an antinode of the standing wave optical field 
formed within the gain microcavity. The VECSEL-2 structure is shown in Fig. 1b. Each 
type of QW was calibrated independently using PL-samples. Before the growth of the 
actual VECSEL-2 structure, a PL calibration sample containing the three different QWs 
was also grown; the corresponding PL signal is displayed in Fig. 3. 
Both VECSELs were processed into 2.5 × 2.5 mm2 gain chips that were capillary 
bonded with water to a type IIa natural diamond or to an artificial diamond heat spreader 
of 300–500 µm thickness. The diamond allows efficient heat removal from the gain 
region and avoids the need to conduct thermal energy through a heat resistant DBR [6]. 
The bonded chips were mounted to a water cooled copper heat sink that was integrated in 
the VECSEL cavity. The outer surface of the diamond on VECSEL-1 was also 
antireflection coated to reduce the signal and pump reflection. 
 
 
3. Experimental results and discussion 
The gain chips were measured using a V-type cavity configuration consisting of 
the mounted gain chip, a high reflective folding mirror with a radius of curvature of 200 
mm, and a partially reflective planar output coupler (OC). The pump source used was a 
 980 nm fiber coupled diode laser. The pump beam was focused onto the sample to a spot 
of about 290 µm in diameter. The laser schematic is presented in Fig. 4. 
VECSEL-1, optimized for high power operation, was operated with a 2 % 
transmissive output coupler. It exhibited excellent temperature behavior. The output 
power was over 4 W at 15 °C, and still 3.6 W at room temperature at a wavelength of 
1970 nm. Lasing was observed up to a temperature as high as 50 °C. The lasing 
characteristics (output powers and a typical optical spectrum) are shown in Fig. 5. The 
pumping threshold was close to 2 W near room temperature. 
To achieve wavelength tuning and narrow emission we placed a birefringent filter 
inside the laser cavity at the Brewster angle. The emission wavelength of the VECSEL-1 
could be tuned about 75 nm, from 1925 to 2002 nm, by rotating the birefringent filter.  
The output coupler used for VECSEL-2 had a transmission of about 1 %. Owing 
to the modified gain region incorporating asymmetric QWs, we achieved a tuning range 
of 156 nm (1924–2080 nm) at an operation temperature of 10–15 °C. The tuning 
characteristics are shown in Figs. 6 and 7. Compared to structure VECSEL-1, the use of 
asymmetric quantum wells in VECSEL-2 led to a 100% increase of the tuning range. As 
shown in Fig. 6 the broad DBR stop-band would support laser operation far beyond 2080 
nm. Therefore, it is reasonable to assume that by further optimization of the gain region 
the tuning range could be extended beyond the current state-of-the-art of ~150 nm [7]. 
Fig. 7 shows the output power for different wavelengths. The maximum output power 
was 390 mW. We should note that a significant part of the laser radiation is lost as 
parasitic reflection from the birefringent filter. This effect is attributed to the 
 birefringency of the intra-cavity diamond, which introduces a certain amount of 
retardation to the polarization during each round trip [8]. 
 
4. Conclusions 
We have studied the lasing characteristics of GaSb-based VECSELs exploiting 
two different designs for the gain mirrors. Using a gain mirror comprised of 
In0.2Ga0.8Sb/GaSb QWs with identical thickness we attained multi-watt high power room 
temperature operation. The tuning range for this structure was about 75 nm. Using a 
modified gain mirror design, which consisted of In0.2Ga0.8Sb/GaSb QWs having different 
thicknesses, we doubled the tuning range to about 150 nm while preserving an output 
power level suitable for practical spectroscopic applications. Further studies will focus on 
the demonstration of passive mode-locking operation and development of VECSELs with 
emission at wavelengths beyond 2 µm [9]. 
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Figure captions: 
  
Figure 1. VECSEL structures for a) High-power VECSEL-1 and b) Broadly tunable 
VECSEL-2 
 
Figure 2. Room temperature PL and reflectance from VECSEL-1 
  
Figure 3. Room temperature PL from VECSEL-2 PL-sample 
 
Figure 4. Measurement setup for VECSELs (OSA=optical spectrum analyzer, 
RoC=radius of curvature, MM=multimode) 
 
Figure 5. Light output characteristics of VECSEL-1 at different mount temperatures, 
given as a function of incident 980 nm pump power. About 12 % of the pump was 
reflected from the sample. The reflected power is not taken into account in this graph. 
Inset: typical laser spectrum. 
  
Figure 6. Example of spectra obtained by filtering (the intensity is normalized to 
maximum emitted power). Each lasing peak in the graph represents a narrowband 
spectrum selected by the birefringent filter and consists of multiple longitudinal modes. 
The simulated DBR-reflectance and the reflectance corresponding to VECSEL-2 are also 
presented. 
 
Figure 7. Output power of VECSEL-2 at different wavelengths. Brewster losses refer to 
reflection losses from the birefringent filter. 
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Abstract: 
We demonstrate first GaSb-based semiconductor disk laser (SDL) emitting 0.6 W of output 
power at 2.5 µm. A gain structure comprising 15 strained In0.35Ga0.65As0.09Sb0.91 quantum wells 
sandwiched between Al0.35Ga0.65As0.035Sb0.965 barriers was grown by molecular beam epitaxy on (100) 
n-doped GaSb substrate and demonstrates promising potential for power scaling and wavelength 
tuning.  
  
Keywords: A3. Molecular beam epitaxy, B1. Antimonides, B2. Semiconducting III-V materials, 
B3. Infrared devices 
  
1. Introduction 
The nearly lattice-matched III–V semiconductor material system (AlGaIn)(AsSb) establishes a 
firm platform for optoelectronic devices operating in the mid-infrared spectral range. Lattice-
matched or strain-compensated structures employing InGaAsSb as the active material and 
AlGaAsSb for barrier and cladding layers grown on GaSb substrates are demonstrated to be the 
best choice for long-wavelength lasers and photodetectors. Their applications include chemical 
sensing, biomedicine and thermal imaging [1–3].  
The primary advantage of semiconductor disk laser (SDL) concept compared with in-plane diode 
lasers is an improved mode control which enables high output power with diffraction-limited 
beam quality [4-7]. The GaSb system is particularly suitable for lasers with vertical-cavity 
configuration since this material system enables the use of lattice matched distributed Bragg 
reflectors (DBRs) comprised of layers with a high refractive-index contrast, namely AlAs0.08Sb 
and GaSb. Such DBRs have an exceptionally broad stop-band and require a relatively small 
number of layer pairs to achieve high reflectance. The broad stopband makes GaSb-based 
vertical-cavity lasers highly promising for spectroscopic application requiring a wide tuning 
range. 
In this study we focus on MBE growth of an optically-pumped semiconductor disk lasers 
emitting at 2.5 µm and study their potential for power scalability. 
  
2. Growth details and structural design 
The semiconductor structures used in this work were grown using a conventional solid 
source molecular beam epitaxy reactor (ten-port V80H). Elemental indium, aluminum and 
gallium together with As4 and Sb4 were used as group III and V sources respectively. The group 
V constituents were cracked into As2 and Sb2 using high temperature cracking tubes. SDL 
structure was grown on an n-GaSb wafer (100). The structure consists of 21.5 pairs of lattice 
matched GaSb/AlAs0.085Sb0.915 distributed Bragg reflector (DBR) and a gain region with 15 strained 
In0.35Ga0.65As0.09Sb0.91 quantum-wells (QWs) surrounded by 20 nm thick Al0.35Ga0.65As0.035Sb0.965 barriers. 
The type I QWs were 9.5 nm thick and embedded in groups of three in Al0.5Ga0.5As0.04Sb0.96 
waveguide which provides dominant pump absorption. The gain structure was closed with a 
AlAs0.085Sb0.915 window layer to ensure good carrier confinement, and a thin GaSb cap layer was 
grown on top to prevent oxidation. The GaSb layers were grown at 500 °C with V/III ratio 4 
where as aluminium containing layers were grown at higher temperature (520 °C) and also with 
higher V/III ratios (DBR with V/III ratio 18 and barriers with 6). The QWs were grown at 450 
°C with V/III ratio 5. Layer thicknesses were selected to form a 3λ micro-cavity between the 
DBR and the semiconductor-air boundary; QW groups were located at the antinodes of the 
standing-wave optical field in the micro-cavity. The photoluminescense (PL) and reflectance 
measured from the structure are shown in Fig.1 together with the SDL cavity conductance band 
energy schematic. 
The structure was processed using an intra-cavity diamond heat spreader technique [8]. A 
2.5×2.5 mm2-size gain chip was capillary bonded with water to a type IIa natural diamond heat 
spreader to enable efficient heat removal from the active region. The bonded chip was finally 
pressed between two copper plates, with a small hole in the top plate allowing the passage of 
pump and signal. The mounted sample was attached to a water cooled copper heat sink. 
  
3. Experimental results 
The laser cavity, shown in Fig. 2, has a V-type configuration comprised of mounted gain 
chip, a high reflective folding mirror with radius of curvature of 100 mm and a 1 % plane output 
coupler. The pump beam from 980 nm fiber coupled diode laser is focused on the gain mirror to a spot of 
180 µm in diameter at an angle of 30° to the surface normal. The cavity was simulated numerically to 
ensure that the mode size at the gain mirror matches the pump spot. The output power of ~600 mW 
has been achieved at heatsink temperature of 5 °C, as seen from Fig. 3, with the typical spectrum 
shown as an inset. The beam quality factor increases with pump power, as shown in Fig. 4. M2 
value was determined by measuring 50 times 1/e2 width around the waist with pyrocamera and 
by fitting data to Gaussian beam equation. M2 was measured to be below 1.6 for the highest 
output power of 0.6 W. It can be seen that the power scaling is limited by thermal rollover 
indicating an excessive heating of the gain medium. Laser operation has been achieved for the 
heatsink temperatures up to 40 °C. The wavelength tuning from 2.45 µm beyond 2.5 µm has 
been observed by changing the pump power (Fig. 5). The fringes in the spectrum are due to the 
Fabry-Pèrot etalon effect induced by the uncoated intracavity diamond heat spreader. The large 
quantum defect (i.e. pump wavelength is much smaller than lasing wavelength) is likely to be 
one of the main sources of the high thermal load to the gain element and together with inefficient 
heat removal due to GaSb material system’s poor thermal conductivity, it degreases the output 
power achieved. Further improvement in power scaling is expected therefore with 
implementation of long-wavelength pumping. 
  
4. Conclusions 
This study presents the fabrication and characterization of a GaSb-based semiconductor 
disk laser emitting around 2.5 µm. With an intra-cavity diamond heat spreader for thermal 
management, 600 mW of output power has been achieved with good beam quality. The results 
show that the advantages of high-power disk laser technology can be extended to 2.5 µm and 
beyond utilizing (AlGaIn)(AsSb) semiconductor compounds. Future development includes 1.6–2 
µm low quantum defect pumping to prevent thermal rollover and beam degradation due to 
thermal lens which would allow achieving multi-Watt operation. 
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Figure captions: 
  
Figure 1. PL and reflectance measured from the structure are shown together with the SDL 
cavity conductance band energy (EC) schematic. 
  
Figure 2. V-type cavity of the laser. RoC=radius of curvature, OC=output coupler, curved mirror 
reflectance is 100%. 
 
Figure 3. Output power versus 980 nm absorbed pump power. Inset: typical optical spectrum. 
 Figure 4. M2 as a function of absorbed pump power, T = 5 °C. Inset: typical beam profile. 
Absorbed pump power is 11.2 W. 
 
Figure 5. Laser spectra measured for different pump powers, T = 15 °C. 
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